Upon infection and inflammation, tissue repair and regeneration are essential in reestablishing function. Here we identified potent molecules present in self-limited infectious murine exudates, regenerating planaria, and human milk as well as macrophages that stimulate tissue regeneration in planaria and are proresolving. Characterization of their physical properties and isotope tracking indicated that the bioactive structures contained docosahexaenoic acid and sulfido-conjugate (SC) of triene double bonds that proved to be 13-glutathionyl, 14-hydroxy-docosahexaenoic acid (SCI) and 13-cysteinylglycinyl, 14-hydroxy-docosahexaenoic acid (SCII). These molecules rescued Escherichia coli infectionmediated delay in tissue regeneration in planaria, improving regeneration intervals from ∼4.2 to ∼3.7 d. Administration of SCs protected mice from second-organ reflow injury, promoting repair via limiting neutrophil infiltration, up-regulating Ki67, and Roof plate-specific spondin 3. At nanomolar potencies these conjugates also resolved E. coli infections by limiting neutrophil infiltration and stimulating bacterial phagocytosis and clearance as well as efferocytosis of apoptotic cells. Together, these findings identify previously undescribed conserved chemical signals and pathways in planaria, mouse, and human tissues that enhance host responses to contain infections, stimulate resolution of inflammation, and promote the restoration of function.
regeneration | omega 3 | leukocytes | inflammation | eicosanoids G iven the rise in antibiotic-resistant infections and the critical role that barrier breach plays in microbial invasion, identification of new endogenous signals that promote pathogen clearance and tissue repair/regeneration is of wide interest (1) . When self-limited, acute inflammation is a host-protective response (2, 3) that is orchestrated by chemical mediators and is an active process generated by evolutionarily conserved biosynthetic pathways (3, 4) . During initiation of inflammation, potent mediators are locally produced that promote vascular leakage, leukocyte recruitment, and pain (5, 6) . In disease, these pathways can be dysregulated, leading to heightened inflammatory responses and perpetuation of the disease state (6) (7) (8) (9) . One approach to regulating exuberant inflammatory responses is inhibition of initiating mediators (e.g., eicosanoids, including prostaglandins) via biosynthetic enzyme inhibitors (6, 10) and receptor antagonists (5) . In the context of infection, this approach may be of limited clinical utility and can have potential drawbacks, including immune suppression (7, 8) .
In self-limited inflammation, endogenous programs are activated at the onset that regulate the amplitude of the inflammatory responses and stimulate resolution (3, 9) . Central to these hostprotective responses are novel families of endogenous chemical mediators termed specialized proresolving mediators (SPMs) (9) . In sterile inflammation and injury, these mediators actively limit further neutrophil recruitment and promote macrophage clearance of apoptotic cells and tissue debris (7) (8) (9) . In self-resolving infections, endogenous resolution programs are also activated during the early stages of inflammatory responses, with the up-regulation of select SPMs [including Resolvin (Rv) D1, RvD5, and Protectin D1]. These mediators enhance bacterial killing and clearance along with regulating phagocyte recruitment (11) .
The levels of these potent leukocyte agonists decline during the later phase of the self-limited inflammatory response (11) , allowing the possibility that other signals may be produced that regulate leukocyte responses to promote tissue repair and regeneration. Given the pivotal roles of chemical signals in infections, we investigated whether mediators within self-resolving infections could regulate tissue repair and regeneration without immunosuppression. Because maresin 1 (7R,14S-dihydroxydocosa-4Z,8E,10E,12Z,16Z,19Z-hexaenoic acid; MaR1) displays potent proresolving and tissue-regenerative actions (12, 13), we investigated whether previously undescribed signals are produced during self-limited infections that regulate tissue regeneration. In this report, we identify a new pathway and mediators in planaria, mouse, and human tissues that promote repair and regeneration during infection. Identification of two new sulfido-conjugate (SC) mediators provides the first evidence, to our knowledge, for autacoids produced during the resolution of infections that signal innate host responses and accelerate repair.
Results and Discussion
To obtain self-resolving infectious exudates and assess tissue regeneration, we used murine Escherichia coli peritonitis relevant to human infections and mapped leukocyte trafficking. E. coli inoculation at 10 5 colony-forming units (CFUs) per mouse i.p. gave a self-limited host response that reached maximal neutrophil infiltration at 12 h and subsequently declined (Fig. 1A) .
Significance
Inability of the body to contain infections may lead to collateral organ damage resulting from unchecked innate immune responses. Here we investigated the chemical signals produced by immune cells to expedite clearance of bacteria and promote organ repair and tissue regeneration. We identified molecules produced during self-limited infections and in human milk that promote clearance of bacteria as well as accelerate tissue regeneration. In addition, these molecules also protected organs from exuberant inflammatory responses by limiting select white blood cell recruitment and up-regulating the expression of proteins involved in tissue repair. Therefore, these results identify new resolution moduli that regulate phagocytes to clear bacteria and activate the regeneration milieu.
Monocyte/macrophage numbers increased between 4 and 24 h, demarking onset of the resolution phase. We next isolated products from resolving infectious exudates (i.e., 24 h) and assessed their ability, with planaria, to stimulate tissue regeneration. Because MaR1 stimulates tissue regeneration (12) and elutes within methyl formate fractions from C18 solid-phase extraction [referred to as solid-phase extraction chromatographic (SPE-C) isolate fraction 1], we sought evidence for signals in distinct chromatographic fractions. Here we assessed eluates in methanol fractions (SPE-C isolate fraction 2) for previously undescribed signals that displayed tissue-regenerative properties. Planaria undergo both restorative and physiological regeneration via evolutionarily conserved pathways, making this an ideal system to identify chemical signals involved in tissue regeneration (14) . To this end, planaria (Dugesia japonica) were injured on day 0 and time-dependent head regeneration was monitored. To quantitate regeneration, we calculated tissue-regeneration indices (TRIs) (12) . Following head resection, regeneration ensued, giving a TRI max (maximum tissue regeneration) at 6 d and T 50 (the interval at which 50% regeneration, TRI 50 , occurred) at ∼4.3 d (Fig. 1B) . Isolates from 24-h infection-resolving exudates dose-dependently accelerated head regeneration (r 2 = 0.91) as early as 2 d after surgery, shortening T 50 to ∼3.3 d. For direct comparison, maresin 1 ( Fig. 1B and Fig. S1A ), the known dihydroxy-containing potent macrophage-derived proresolving mediator (12) , accelerated this process to essentially the same extent. Toward human translation, and because milk carries nutrients and is appreciated to have products relevant to infant development and immune status (15), we also assessed tissueregenerative properties of human milk isolates using the same chromatographic fractions (Fig. 1B) . Incubation of planaria with human milk isolates dose-dependently accelerated regeneration and reduced T 50 from ∼4.3 to ∼3.5 d (Fig. 1B and Fig. S1B ). These results demonstrate that both mouse resolving exudates and human milk possess tissue-regenerative properties that elute within the methanol fractions from solid-phase C18 extractions.
Next, we investigated whether these bioactive molecules regulated signaling pathways that trigger head-to-tail differentiation in D. japonica (16) . Two days postinjury, in regenerating blastemas, isolates from both mouse resolving exudates and human milk significantly increased expression of the fibroblast growth factor receptor-like gene nou-darake (Djndk) and mitogen-activated protein kinase phosphatase gene (Djmpka; Fig. 1C ) and down-regulated DjAdb-Ba (Abdominal-B-like gene), a target Hox gene of posterior Wnt/β-catenin signaling in neoblast progeny (14, 16) . Because extracellular signal-regulated kinase (ERK) regulates expression of these genes (16), we tested whether ERK signaling was responsible for the actions of molecules from resolving exudates. ERK inhibition abrogated regenerative actions of these infectious resolving exudates (Fig. S1C) . Together, these results suggest that ERK signaling is involved in the regenerative actions of molecules from resolving infectious exudates.
Macrophages are key in regulating host responses during inflammation and infections, coordinating both the onset and resolution of inflammatory responses (8, 17, 18) . During sterile inflammation, the resolution phase is characterized by increases in resolution-phase macrophages (rMs) (18) and production of maresins (13) . Using lipid mediator metabololipidomics, we identified MaR1 and related isomers within SPE-C isolate fraction 1 as well as previously undescribed signals in SPE-C isolate fraction 2 in infectious resolving exudates (n = 3 mice exudates). Hence, SPE-C isolate fraction 2 obtained from both mouse resolving exudates and human milk carried regenerative properties ( Fig. 1 B and C) that were unique and distinct from MaR1 (12) , which elutes within SPE-C isolate fraction 1 (Table S1 ).
Based on these findings, we next assessed the role of human macrophage 12-lipoxygenase (LOX) (19) in the biosynthesis of these products. Isolates obtained from human macrophages (HMϕs) carried tissue-regenerative actions with D. japonica that were lost in cells transfected with shRNA targeting 12-LOX (Fig.  1D) . In HMϕs, docosahexaenoic acid (DHA) is a 12-LOX substrate in maresin biosynthesis (19, 20) ; therefore, we investigated whether the bioactive products in SPE-C isolate fraction 2 were also from DHA. Incubation of infectious exudates obtained from self-resolving peritonitis with radiolabeled DHA demonstrated accumulation of labeled material in SPE-C isolate fraction 2 at both 12 h (peak of inflammation) and 24 h (resolution) (Fig.  S2A ). In these fractions, significantly higher radioactivity from DHA was present in exudates from mice with self-resolving peritonitis compared with those with delayed resolving peritonitis. The presence of four DHA-derived products in these isolates was confirmed using liquid chromatography tandem mass spectrometry (LC-MS-MS) (Fig. S2B) .
Peaks I and II gave essentially identical MS-MS fragmentation patterns, with the parent ion (M+H) displaying m/z at 521. Spectra from peaks III and IV also gave identical MS-MS fragmentation with m/z for the parent ion at 650, suggesting that I and II were likely related to each other and III and IV were related to each other ( Fig. 2 A and B) . Similar results were also obtained with Surgically injured planaria were incubated with SPE-C isolate fraction 2 from E. coli resolving infectious exudates (REs), human milk, maresin 1 (100 nM), or vehicle (surgical injury; water containing 0.01% EtOH). Tissue regeneration indices were determined. T 50 , time interval corresponding to 50% of maximal tissue regeneration (TRI 50 ). (C) Gene expression in regenerating blastemas (Bottom). Results are mean ± SEM (n = 3 per group pooled from blastemas of 9 animals). (D) Injured planaria were incubated with SPE-C isolate fraction 2 from human macrophages transfected with shRNA for 12-lipoxygenase, control scrambled sequence (CS shRNA), or vehicle. (B and D) Results are mean ± SEM for n = 9 planaria per incubation. *P < 0.05, **P < 0.0001 vs. surgical injury group.
# P < 0.01 vs. 12-LOX shRNA at day 4.
human milk, regenerating planaria, and human macrophages ( Fig.  2 C-F and Fig. S2C ). In macrophages transfected with 12-LOX shRNA compared with mock transfected cells, quantification of products in SPE-C isolate fraction 2 using LC-MS-MS demonstrated a significant reduction in the levels of products identified under peaks I-IV (Fig. 2G ). These results are in line with the observed reduction in biological activity of these isolates ( Fig. 1D ), implicating HMϕ 12-LOX in the initiation of these signals. Because 14S-hydro(peroxy)-docosahexaenoic acid (14S-HpDHA) is the product of the HMϕ 12-LOX biosynthetic precursor to maresins, we tested whether 14S-HpDHA was a precursor of these regenerative molecules. Incubation of HMϕs with 14S-HpDHA also gave products III and IV (Fig. 3A) as well as I and II (Fig. 3B ). Products beneath III and IV each gave UV chromophores with maximum absorbance at 280 nm and shoulders at 270 and 295 nm in the reverse-phase high-pressure liquid chromatography mobile phase (Fig. S3A ), characteristic of a conjugated triene double-bond system coupled to an auxochrome allylic to the triene such as sulfur (6, 21) . This was corroborated in incubations with a desulfurization reagent, Raney nickel (6, 21) , that gave 14-hydroxy-docosahexaenoic acid (14-HDHA) ( Fig. S3 B and C). These results together with MS-MS fragmentation indicated a 13-glutathionyl,14-hydroxy-, and 22-carbon backbone that originated from DHA (Fig. 3A) , and therefore was coined sulfido-conjugated product I (SCI). To gain further evidence for this deduced structure, we assessed deuterium incorporation in SCI with HMϕs and d 5 -14S-HpDHA (Fig. S4A ). d 5 -SCI gave the expected 5-Da shift in the parent ion mass, from m/z 650 to m/z 655, as well as in the m/z of fragments containing carbons 21 and 22, including that resulting from a diagnostic 14-to 15-carbon break, which increased in mass from m/z 109 to m/z 114 (Fig. S4C) . The proposed glutathione conjugate structure was further corroborated by treating SCI (Fig. S4 B and C) with diazomethane. This approach was also used to elucidate the structure of the products beneath I and II, namely 13-cysteinylglycinyl, 14-hydroxy-docosahexaenoic acid (SCII; Fig.  3B and Figs. S5 and S6).
We next confirmed that these molecules carried tissueregenerative properties. Planaria incubated with SCI and SCII gave accelerated tissue regeneration (T 50 from ∼4 to ∼3 d; Fig.  3C ). To investigate the role of endogenous SCs in planaria tissue regeneration, D. japonica was incubated with a LOX inhibitor (baicalein) that reduced levels of both SCI and SCII measured 3 d postsurgery (Fig. 3D ) and significantly delayed head regrowth (Fig. 3E) . This was rescued when planaria were incubated with SCI and SCII (Fig. 3E) . We next investigated the ability of SCs to promote tissue regeneration during infection. Incubation of D. japonica with E. coli gave a delay in regeneration, T 50 from ∼3.5 to ∼4.2 d, that was rescued by SCI and SCII addition (Fig.  3E) . Having established that together, SCI and SCII displayed tissue-regenerative actions, we next sought evidence for their individual biological actions. Incubation of injured planaria with either SCI or SCII accelerated head regrowth. This proved to be concentration-dependent, reducing T 50 from ∼5 to ∼3.5 d (Fig. 4 A and B and Fig. S7) , with an r 2 value of 0.85 for SCI and 0.97 for SCII (Fig. S7 ). In addition, SCI and SCII each up-regulated genes involved in head regeneration (Fig. 4C) .
Bioactive lipid mediators that are peptide conjugates such as cysteinyl leukotrienes involve GST enzymes in their biosynthesis (10, 22) . Therefore, we assessed the role of D. japonica GST in SC biosynthesis. Whole-mount in situ hybridization (WISH) of uninjured planaria confirmed the expression of D. japonica GST (DjGst), which was temporally regulated following injury in regenerating blastemas (Fig. 5A) . Double-stranded RNA knockdown of DjGst (Fig. 5B ) delayed tissue regeneration (Fig. 5C ) and reduced SC levels (>80%; Fig. 5D ) in regenerating planaria. Alignment of deduced D. japonica GST amino acid sequence with human and mouse GST-mu4 (Table S2) sequence homology between the planarian and mammalian enzymes, which is also expressed in HMϕs (n = 4). These results indicate that a GST enzyme(s) is involved in SC biosynthesis and is involved in tissue regeneration in planaria.
With human macrophages, we investigated product-precursor relationships for DHA with SCI and SCII. DHA was rapidly converted by activated human macrophages to SCI, with levels reaching a maximum at 15 min. SCII was also rapidly produced in these incubations, with levels that remained elevated between 15 and 60 min (Fig. 6A) . Essentially similar relationships were obtained with activated human macrophages and 14S-HpDHA (n = 3 separate incubations). To assess whether SCI was a precursor of SCII, we next incubated human macrophages with a γ-glutamyl transferase inhibitor (Acivicin) known to inhibit leukotriene (LT) D 4 formation (23). Incubation of activated human macrophages with this inhibitor gave a significant increase in SCI and a reduction in SCII levels (Fig. 6B) . Similar results were obtained with regenerating planaria, where addition of the inhibitor increased SCI levels and decreased SCII levels 2 d postinjury (Fig. 6C) .
Because SCs were biosynthesized in both resolving infectious exudates ( Fig. 2 and Fig. S2 ) and regenerating planaria (Figs. 2,  5 , and 6), we determined their ability to stimulate resolution during infection in mice. For quantitative assessment of resolution components with E. coli infection, we used resolution indices (11) . Inoculation of mice with 10
5 CFUs E. coli (selflimited inoculum) gave T max ∼12 h, T 50 ∼32 h, and resolution interval (R i ) ∼20 h (Fig. 7A) . SCI and SCII (50 ng each per mouse) significantly reduced neutrophil numbers at 24 h, shortening R i to ∼10 h (Fig. 7A) , and promoted an exudate macrophage phenotype switch toward an rM phenotype, increasing rM markers including T-cell immunoglobulin and mucin domain containing 4 (TIMD4) (∼34%), interleukin-10 (IL-10) (∼15%), and Arginase 1 (∼76%) (n = 4 mice per group). SCs also gave significant increases in leukocyte phagocytosis of E. coli in vivo in mice (Fig. 7B) . For human translation, we determined the actions of SCI and SCII on human phagocytes, where each dose-dependently increased macrophage efferocytosis of apoptotic cells, a key proresolving action (3), to a similar extent as MaR1 (Fig. 7C) . Of note, SCI and SCII each enhanced bacterial phagocytosis and intracellular reactive oxygen species (Fig. S8) used in bacterial killing (11, 17) .
We tested SC isolates from regenerating planaria to determine whether they displayed actions in mammalian species. Here they significantly reduced neutrophil recruitment in murine peritonitis (Fig. S9A ) and exudate eicosanoid levels including LTB 4 and thromboxane (Tx) B 2 , actions that by direct comparison were shared with MaR1 ( Fig. S9 B and C) . Planarian SC isolates also stimulated human macrophage efferocytosis of apoptotic neutrophils (Fig. S9D) . Hence, these results indicated that SCs are antiinflammatory and proresolving, and that their structure functions are conserved from planaria, mice, and humans.
Vessel occlusion is a common consequence of many inflammatory conditions, leading to local ischemia that, upon reflow, can result in second-organ injury by activated leukocytes and, in extreme cases, organ failure (24) . SCI and SCII gave significant protection from leukocyte-mediated tissue damage (Fig. 8A) , decreasing leukocyte infiltration into lungs and spleens, actions comparable to RvD1 (Fig. S10A) . SCs also reduced plasma eicosanoid levels, including LTB 4 , LTC 4 , and TxB 2 ( Fig. S10 B and C) . In addition, immunofluorescence analysis of lung sections from mice given SCI and SCII demonstrated an upregulation of antigen Ki67, which plays a role in cell proliferation (25) , and Roof plate-specific Spondin 3 (RSPO3; Fig. 8B ), which displays tissue-regenerative actions (26) .
Several lines of evidence support the proposed biosynthetic scheme for the formation of SC signals in Fig. 9 . They are as follows: (i) DHA is converted by HMϕ 12-LOX to 14S-HpDHA and 13,14-epoxide intermediate, demonstrated using acid methanol trapping with human cells and recombinant enzyme (13, 19) . Knockdown of macrophage 12-LOX reduced both SCI and SCII (Fig. 2) as well as loss of the tissue-regenerative actions of SPE-C isolate fraction 2 (Fig. 1). (ii) Radiolabel from precursor [ 14 C]DHA was recovered in SPE-C isolate fraction 2 that was distinct from MaR1-containing fractions (Fig. S2) . (iii) Reciprocity existed in product-precursor relationships between DHA, SCI, and SCII (Fig. 6) as well as between 14-HpDHA and SCI and SCII. (iv) Inhibition of planaria LOX reduced both SCI and SCII in regenerating planaria and delayed tissue regeneration that was rescued by addition of SCI and SCII (Fig. 3) . (v) Knockdown of planaria GST reduces both SCI and SCII levels in regenerating planaria and delays tissue regeneration (Fig. 5) . (vi) Incubation of human macrophages and regenerating planaria Results are mean ± SEM for n = 9 planaria per group. *P < 0.05, **P < 0.01 vs. the respective control group. γ-glutamyl transferase inhibitor led to increased SCI and decreased SCII (Fig. 6 ). (vii) SCI and SCII carry distinct structures from that of MaR1 (12) Table S1 ).
In summary, using a systematic approach, we identified conserved chemical signals from planaria, mouse, and human tissues that are antiinflammatory, proresolving, and tissue-regenerative. These new peptide-lipid conjugate molecules accelerate resolution of E. coli infection and stimulate phagocytic functions, tissue regeneration in planaria, and tissue repair in mice, thereby fulfilling criteria as immunoresolvents, namely agents that stimulate resolution of inflammation (12) . The proposed biosynthesis of these mediators occurs via lipoxygenation of DHA, producing 14-hydro(peroxy)-docosahexaenoic acid and an epoxide intermediate (Fig. 9 ) that is converted to SC. This step in planaria relies on a GST enzyme(s), giving 13-glutathionyl, 14-hydroxy-docosahexaenoic acid and 13-cysteinylglycinyl, 14-hydroxy-docosahexaenoic acid (Fig. 5) , and opens the characterization of other peptide-lipid conjugates in the SPM genus. These specific peptide-lipid conjugates carry a carbon-14-position alcohol and are biosynthesized via the maresin-epoxide intermediate; thus, they belong to the maresin (macrophage mediators in resolving inflammation) family (13) . Given that these previously undescribed signals regulate the cardinal signs of resolution, namely clearance of debris and infections by phagocytes, tissue regeneration, and regulation of proinflammatory chemical mediators, we coin these SC molecules maresin conjugates in tissue regeneration. Together, these findings provide new signals and pathways in host responses to injury, acute inflammation, and infectious exudates that are resolution moduli promoting homeostasis. . SCI and SCII promote tissue regeneration and regulate key signaling pathways in planaria. After surgical injury, planaria were incubated with (A) SCI (100 nM), (B) SCII (100 nM), or vehicle (surgical injury; water containing 0.01% EtOH), and regeneration indices were determined. Results represent two independent experiments and are mean ± SEM for n = 9 planaria per group. (C) After surgical injury, planaria were incubated with SCI (100 nM), SCII (100 nM), or vehicle, and gene expression was assessed 2 d postinjury in regenerating head blastemas. Results are mean ± SEM for n = 3 per incubation pooled from blastemas of 9 animals. *P < 0.05, **P < 0.01, ***P < 0.001 vs. surgical injury group. Results are mean ± SEM for n = 13 planaria per group. *P < 0.05, **P < 0.01 vs. surgical injury group. MCTR, maresin conjugates in tissue regeneration.
Materials and Methods
Murine Peritonitis. Mouse experiments were conducted in accordance with guidelines from the Harvard Medical Area Standing Committee on Animals (protocol 02570). Mice were inoculated with E. coli (serotype 06:K2:H1) as in ref.
11 and peritoneal exudates were collected by lavaging the peritoneal cavity with 4 mL of PBS (without calcium and magnesium) at the indicated intervals. Leukocytes were enumerated by light microscopy using nuclear morphology staining with Turk's solution and flow cytometry probing for CD11b-PerCP/Cy5.5 (eBioscience; clone M1/70), F4/80-PE (eBioscience; clone BM8), and Ly6G-FITC (eBioscience; clone 1A8) as described (11) . For product isolation, 24-h peritoneal exudates were collected and two volumes of icecold methanol were added. Isolates were obtained as detailed in Lipid Mediator Metabololipidomics and Isolation of Bioactive Fractions.
In select experiments 12 h after E. coli inoculation, mice were administered either 100 ng of SCI and SCII (50 ng each per mouse) or vehicle [saline containing 0.1% ethanol (EtOH)] via i.p. injection. Peritoneal exudates were then collected and leukocyte counts were determined as above. Assessment of leukocyte phagocytosis of E. coli in inflammatory exudates was conducted as described (11) . Briefly, cells were incubated with anti-CD11b-PerCP/Cy5.5-conjugated antibody; subsequently, the cells were permeabilized using a BD Cytofix/Cytoperm Fixation/Permeabilization Kit following the manufacturer's instructions (BD Biosciences); cells were then incubated with a FITC-conjugated anti-E. coli antibody (GeneTex; GTX40856), and phagocytosis was assessed as mean fluorescence in the CD11b-positive cell population.
Resolution indices were calculated as described (11), where Ψ max is the maximal neutrophil (PMN) number in the exudates; T max is the time point when PMN numbers reach the maximum; R 50 is 50% of the maximal PMN number; T 50 is the time point when PMN numbers reduce to 50% of the maximum; and R i = T 50 − T max , the time period when 50% of PMNs are lost from the exudates.
Mice were administered either 10 5 (self-resolving) or 10 7 (delayed resolving)
CFUs E. coli, and exudates were harvested after 12 or 24 h. These were then incubated with either DHA (Cayman Chemical) or 14 C-labeled DHA (American Radiolabeled Chemicals; 1 μM, 37°C, pH 7.45). The incubations were then stopped with two volumes of ice-cold methanol and products were extracted using solid phase extraction (SPE) columns as detailed below. Radioactivity was measured using a scintillation counter, and DHA-derived products were assessed using LC-MS-MS and product ion scan targeting m/z 343 (Fig. S2B) .
In determined experiments, mice were administered SC isolates from regenerating planaria i.p., obtained as described in Lipid mediator Metabololipidomics and Isolation of Bioactive Fractions, immediately before zymosan administration (i.p., 1 mg per mouse). After 4 h, peritoneal exudates were obtained, leukocytes were enumerated as detailed above, and eicosanoid levels were assessed by lipid mediator metabololipidomics as described below.
Ischemia Reperfusion. Mice were anesthetized by i.p. injection of xylazine (80 mg/kg) and ketamine (10 mg/kg). To initiate hind-limb ischemia, tourniquets consisting of a rubber band were placed on each hind limb. Ten minutes before the initiation of reperfusion, vehicle (saline containing 0.1% EtOH), SCI (50 ng) plus SCII (50 ng), or Resolvin D1 (500 ng) were administered by i.v. injection. At the end of reperfusion (3 h), mice were euthanized, blood was collected via cardiac puncture, and plasma was isolated for lipid mediator metabololipidomics. Lungs were harvested; left lungs were frozen in liquid nitrogen and stored at −80°C, and right lungs were stored in 10% (vol/vol) buffered formalin and processed for histology and hematoxylin and eosin (H&E) staining by the Children's Hospital Boston, Department of Pathology, imaged using a Keyence BZ-9000 microscope and BZ II imaging software (Keyence). Expression of Ki67 and RSPO3 was assessed by immunofluorescence staining. Briefly, sections were deparaffinized in xylene and rehydrated and then blocked in 10% (vol/vol) horse serum and stained with either rat anti-mouse RSPON3 antibody (R&D Systems) for 1 h at room temperature and then with sheep anti-rat Alexa 594-conjugated antibody (BioLegend) or with rabbit anti-mouse antibody (Abcam) and then with donkey anti-rabbit Alexa 488 antibody (BioLegend). Slides were mounted in VECTASHIELD mounting solution with DAPI (Vector Laboratories) and immunofluorescence was assessed using a Zeiss LSM 510 Meta confocal microscope. Images were processed using ImageJ software (National Institutes of Health) and Adobe Photoshop CS6 (Adobe Systems) software. Frozen lungs . Endogenous SCI is converted to SCII with human macrophages and planaria. (A) Human macrophages (3 × 10 7 cells) were incubated with DHA (37°C, pH 7.45) and E. coli (1.5 × 10 8 CFUs), and product levels were assessed using LC-MS-MS. Results are mean for n = 3 separate incubations. (B) Human macrophages were incubated with or without γ-glutamyl transferase inhibitor (GTI, Acivicin; 2.5 mM, 37°C, pH 7.45, 30 min) and then DHA (37°C, pH 7.45) and E. coli (1.5 × 10 8 CFUs), and precursor and product levels were assessed by LC-MS-MS. Results are mean ± SEM for n = 3 distinct incubations. (C ) Planaria were surgically injured and then incubated with or without GTI (2.5 mM). SCI and SCII were assessed 3 d after injury using LC-MS-MS. Results are mean ± SEM for n = 20 planaria per group. *P < 0.05 vs. surgical injury group, **P < 0.01 vs. macrophages plus E. coli. were gently dispersed and centrifuged (2,000 × g), and tissue myeloperoxidase (MPO) levels were determined using mouse MPO ELISA (R&D Systems).
Leukocyte Phagocytosis. Macrophages were prepared from peripheral blood mononuclear cells purchased from Children's Hospital Blood Bank, and phagocytosis was assessed as described (11) . Briefly, macrophages (5 × 10 4 cells per well)
were incubated with SCI (10 pM to 100 nM), SCII (10 pM to 100 nM), MaR1 (10 pM to 100 nM), or vehicle [0.1% EtOH in Dulbecco's phosphate buffered saline (DPBS)] for 15 min at 37°C, and then fluorescently labeled apoptotic cells were added and cells were incubated for 45 min at 37°C. Extracellular fluorescence was quenched using Trypan blue (1:15 dilution) and phagocytosis was assessed using an M3 SpectraMax plate reader (Molecular Devices). In select experiments, macrophages (5 × 10 4 cells per well) or neutrophils (1 × 10 5 cells per well) were obtained from human healthy volunteers' peripheral blood after obtaining informed consent as described (11), in accordance with the Partners Human Research Committee Protocol (1999P001297), and incubated with 2′,7′-dichlorodihydrofluorescein (H2DCFDA) (5 μM, 30 min, 37°C) and then with SCI (10 pM to 100 nM), SCII (10 pM to 100 nM), or vehicle (0.1% EtOH in DPBS, 15 min, 37°C) and E. coli (1:50 leukocytes to E. coli, 45 min, 37°C). Intracellular reactive oxygen species were determined by measuring fluorescence using an M3 SpectraMax plate reader. To assess bacterial phagocytosis, macrophages (5 × 10 4 cells per well) or neutrophils (1 × 10 5 cells per well) were incubated with SCI (10 pM to 100 nM), SCII (10 pM to 100 nM), or vehicle (0.1% EtOH in DPBS, 15 min, 37°C) and then incubated with BacLight Green (Molecular Probes)-labeled E. coli (1:50 leukocytes to E. coli, 45 min, 37°C). Extracellular fluorescence was quenched using Trypan blue (1:15 dilution), and phagocytosis was assessed using an M3 SpectraMax plate reader.
In determined experiments, human macrophages were incubated with SC isolates from regenerating planaria for 15 min at 37°C, and then fluorescently labeled apoptotic cells were added and efferocytosis was assessed as detailed above.
Whole-Mount in Situ Hybridization, Real-Time PCR, and dsRNA Synthesis. Regenerating blastemas were obtained from planaria after surgical injury and placed in TRIzol (Ambion). RNA was isolated following the manufacturer's instructions and cDNA was synthesized essentially as described (16) 
